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during its assimilation by laboratory cultures of marine phytoplankton and derive the N and O kinetic isotope effects for nitrate assimilation by three species of diatoms (Thalassiosira weissflogii, Thalassiosira oceanica, and Thalassiosira pseudonana) and a coccolithophorid (Emiliana huxleyi). Large interspecies and intraspecies variations in the N isotope effects were observed. The O isotope effect associated with nitrate consumption was consistently close to the N isotope effect, such that the 18 N of nitrate varied in a ratio of ϳ1 : 1, regardless of species or of the magnitude of the isotope effect. In addition, the 18 O/ 16 O and 15 N/ 14 N of internal nitrate of T. weissflogii grown under various environmental conditions were elevated relative to the medium nitrate by a proportion of ϳ1 : 1. These findings are consistent with a nitrate isotopic fractionation mechanism that involves nitrate reduction as the chief fractionating step. The observed N : O isotopic coupling during nitrate assimilation suggests that combined N and O isotopic measurements of water column nitrate can provide new constraints on the ocean N cycle.
Stable isotopes are a common tool in studies of the N cycle, both in the ocean and on land. Variations in the 15 N/ 14 N ratio of inorganic nitrogen pools can provide an integrative picture of the N cycle, from which physical, chemical, and biochemical fluxes can be inferred. Environmental variations in 15 N/ 14 N typically occur because, in most chemical and biochemical transformations, the rate of reaction of 15 Nbearing substrate is slightly lower than that for the same substrate bearing 14 N. The extent to which a biological N transformation fractionates between 14 N and 15 N is given by the isotope effect, 15 . In the case of a unidirectional reaction, 15 is referred to as the kinetic isotope effect and is a function of the ratio of the reaction rates (k) for the molecules containing the two isotopes:
15 (‰) ϭ ( 14 k/ 15 k Ϫ 1) ϫ 1000. Owing to isotope fraction during nitrate assimilation, the 15 N/ 14 N of nitrate is observed to increase as it is consumed
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in the surface ocean (Sigman et al. 1997; Wu et al. 1997; Sigman et al. 1999a ). This isotopic change in nitrate is communicated by assimilation into phytoplankton biomass, resulting in meridional gradients in the 15 N/ 14 N of sinking particulate N and surface sedimentary N in the Equatorial Pacific and in the Southern Ocean that are correlated with nitrate use (and thus anticorrelated with surface nitrate concentration; François et al. 1992; Altabet and François 1994; Farrell et al. 1995; François et al. 1997 ). Thus, down-core changes in the 15 N/ 14 N of sediment and sedimentary fractions have been interpreted as reflecting past changes in the degree of nitrate consumption by phytoplankton in the surface ocean (François et al. 1992; Altabet and François 1994; Farrell et al. 1995; François et al. 1997; Sigman et al. 1999b ). The isotopic signal of nitrate assimilation can also be used to study aspects of the modern ocean N cycle, for instance, the source of nitrate to surface waters in nutrient-rich regions (Sigman et al. 1999a) .
The isotope effect is a key parameter linking nitrate assimilation to the 15 N/ 14 N of nitrate and particulate N. The 15 N/ 14 N of nitrate in the upper ocean typically suggests an isotope effect of 5-10‰ for nitrate assimilation, with most estimates closer to 5‰ (Wada 1980; Wu et al. 1997; Sigman et al. 1999a; Altabet 2001) . In contrast, estimates of 15 derived from laboratory studies of marine phytoplankton show a wide range of variation, from 0‰ to 20‰ (Wada and Hattori 1978; Montoya and McCarthy 1995; Waser et al. 1998a; Needoba et al. 2003 ; this study). The observed variation in 15 among and within cultured phytoplankton species is not understood, and environmental controls on 15 are undefined, largely because the N isotope fractionation mechanism for nitrate assimilation remains uncertain. These unknowns limit the utility of the N isotopes in the modern ocean and in the effort to reconstruct past ocean conditions. Previously, nitrate 15 N/ 14 N in seawater has been measured by reduction to ammonia, followed by extraction of the ammonia by distillation (Cline and Kaplan 1975) or diffusion (Sigman et al. 1997) , reaction to N 2 gas (typically by combustion), and mass spectrometric analysis of the N 2 . Here, we take advantage of a recently developed method for nitrate isotopic analysis that uses denitrifying bacteria to convert nitrate (and nitrite) to nitrous oxide (N 2 O), followed by isotopic analysis of the N 2 O (Sigman et al. 2001; Casciotti et al. 2002) . This ''denitrifier'' method for seawater nitrate isotope analysis has advantages relative to the ammoniumbased methods that are critical to culture studies of marine phytoplankton. First, a roughly 100-fold reduction in sample size requirement allows for cultures of small to moderate volume. Second, a lack of cross-contamination by dissolved organic N or ammonium and a reduction in reagent blank are both critical for culture studies and allow for the reproducible isotopic analysis of samples with as little as 0.5 mol L Ϫ1 nitrate. Finally, and most central to this study, the denitrifier method is the first to allow O isotope analysis of nitrate in a saline solution such as seawater (Casciotti et al. 2002) .
We report here a culture study of N and O isotope fractionation of nitrate during its assimilation by marine phytoplankton. To our knowledge, this study represents the first culture-based effort to characterize the relationship between the N and O isotopes of nitrate during an important N transformation. Our measurements of coupled N and O isotope fractionation provide new insight into the mechanism underlying isotopic fractionation during nitrate assimilation by marine phytoplankton. This has significance for the biological chemistry of nitrate assimilation, and for paleoceanographic studies, in which assumptions must be made about the isotope effect of nitrate assimilation in the past. Moreover, it provides a basis for use of the coupled N and O isotopes of nitrate to study modern ocean N cycling (Sigman et al. 2003; Lehmann et al. 2004 ).
Methods
Experimental algal strains, Thalassiosira weissflogii (actin), Thalassiosira oceanica, Thalassiosira pseudonana (3H), and Emiliana huxleyi, were grown in semicontinuous batch cultures in the artificial seawater medium Aquil (Price et al. 1988 (Price et al. /1989 at 20ЊC under continuous saturating light at 150 mol quanta m Ϫ2 s Ϫ1 . The artificial seawater mixture was amended with 100 mol L Ϫ1 silicate, 10 mol L Ϫ1 phosphate, and between 50 and 150 mol L Ϫ1 nitrate. It was then passed through Chelex 100 resin to remove contaminating trace metals (Price et al. 1988 (Price et al. /1989 . Metal-clean artificial seawater was stored in acid-washed polycarbonate bottles and sterilized by microwaving (Keller et al. 1988) . Filtersterilized f/2 vitamins were added to sterile media, as well as filter-sterilized Aquil trace metals chelated with 100 mol L Ϫ1 ethylenediaminetetraacetic acid (EDTA; Price et al. 1988 Price et al. /1989 . Cells were acclimated to respective media for two culture transfers (ca. eight generations) and inoculated in 500-ml polycarbonate media bottles.
Our focal interest was in the variations of nitrate N and O isotopic fractionation, both among and within species. Two of the experimental strains were thus subjected to a variety of culture conditions in an attempt to cause changes in the isotope effect manifested by a specific strain. In cultures of T. weissflogii and T. oceanica, iron concentrations were modulated to obtain iron-limited growth rates of the strains. Total Fe concentrations in incremental treatments were 1 mol L Ϫ1 , 100 nmol L Ϫ1 , 45 nmol L Ϫ1 , and 12 nmol L Ϫ1 , corresponding to approximate free ferric iron concentrations (expressed as pFe ϭ Ϫlog Fe 3ϩ ) of 19, 20, 20.5, and 21, respectively (calculated with MINEQL; Westall et al. 1976) . A set of experiments with T. weissflogii at various iron concentrations was also conducted in stirred culture vessels to compare with unstirred cultures. Finally, N and O isotopic fractionation by T. weissflogii was monitored in short-term nitrate uptake experiments. In these experiments, cells preconditioned in pFe19 or pFe20 medium were harvested in late exponential growth. Whole cultures (500 ml) were filtered onto acid-washed, 5-m pore-size polycarbonate filter and resuspended in 500 ml of fresh medium (of the same iron concentration). Subsamples of culture filtrate were then collected at short (ca. bihourly) time intervals.
Cell cultures were subsampled throughout exponential growth. Growth was monitored by cell counts on a Z series Coulter counter. For particulate N isotopic measurements, 20 ml of cell culture were gently filtered onto a precombusted AE glass-fiber filter. Filters were then dried at 60ЊC, pelleted into tin capsules, and sent for N isotopic analysis to David Harris at the Stable Isotope Facility, University of California, Davis. Isotope ratios of the particulate N on the filters were determined by continuous flow combustion/isotope mass spectrometry using a Europa ANCA elemental analyzer online with a Europa Hydra 20/20 mass spectrometer.
Intracellular nitrate was collected for isotopic comparison with the medium in four T. weissflogii cultures grown under conditions similar to those described above (described in detail by Needoba et al. in press) . Briefly, cells were grown in semicontinuous batch cultures in artificial seawater with 200 mol L Ϫ1 nitrate. Cultures were initiated in filter-sterilized medium and incubated at 18ЊC under saturating or subsaturating light levels, and some cultures were also grown in irondeplete medium. Exponentially growing cells (300-500 ml) were harvested onto a 47-mm precombusted GF/F filter, washed with 3% NaCl to remove remnant extracellular nitrate, and boiled in water to extract intracellular nitrate (Thorensen et al. 1982) . Nitrate concentrations were then measured as described below, and the N and O isotopic compositions of internal nitrate were then determined with the denitrifier method (Sigman et al. 2001; Casciotti et al. 2002) . The nitrate concentrations and N isotope data alone are reported by Needoba et al. (in press) .
For N and O isotope analysis of nitrate, filtrate of exponentially growing cultures was collected in acid-washed 30-ml polypropylene bottles and immediately frozen until analysis. Nitrate concentrations of thawed samples were measured by conversion to NO (nitric oxide) followed by chemiluminescence detection (Braman and Hendrix 1989) . Nitrite was also measured in this manner, although none was detected in any of the experimental samples (detection limit ϳ0.1 mol L Ϫ1 nitrite). In the samples of growth medium and extracted intracellular pools, the 15 N/ 14 N and 18 O/ 16 O of nitrate were determined following the denitrifier method (Sigman et al. 2001; Casciotti et al. 2002) . Isotope ratios are reported using delta (␦) notation in units of per mil (‰): Referencing to air and VSMOW was through comparison to the international potassium nitrate reference material IAEA-N3, with an assigned ␦ 15 N of ϩ4.7‰ (Gonfiantini et al. 1995) and reported ␦ 18 O of ϩ22.7 to ϩ25.6‰ (Revesz et al. 1997; Silva et al. 2000; Böhlke et al. 2003; Lehmann et al. 2003) . We adopted a ␦ 18 O of 22.7‰, but without consequence, since only isotope ratio differences are used in this study. The N and O isotopic ratios represent the mean of any replicate measurements; the N and O isotopic ratio measurements of roughly 50% of the samples were duplicated within a day's batch of analyses, and individual samples were analyzed in one to three of the individual batches of analysis. Reproducibility of the replicates was generally consistent with previously reported analysis standard deviations of 0.2‰ for ␦ 15 N and 0.5‰ for ␦ 18 O. N and O isotopic ratios for individual experiments were fitted to the Rayleigh isotope fractionation model to determine the isotope effect (Mariotti et al. 1981) . Nitrate N and O isotopic measurements were modeled according to the following Rayleigh linearization:
where nitrate is the reactant and f is the fraction of the initial nitrate pool that remains. In some experiments, was also determined from the 15 N/ 14 N of accumulated particulate N in the culture bottles, using the Rayleigh integrated product equation (Mariotti et al. 1981) 
where 
Results
Derivation of the isotope effect, , based on the Rayleigh model fit of N and O isotopic measurements is illustrated in Fig. 1 for T. pseudonana grown in pFe19 medium. During exponential growth, nitrate was exponentially depleted from the medium (Fig. 1a) , and the ␦ 15 N of the reactant pool (nitrate) and of the integrated product pool (particulate nitrogen) increased accordingly. Also shown in Fig. 1a Figure 1b also illustrates the derivation of 15 from the slope of the linear relationship between the ␦ 15 N of the particulate nitrogen (i.e., the integrated product) and F (Eq. 4). In this experiment, the isotope effect computed from the reactant pool ( 15 ϭ 7.1 Ϯ 0.4‰) and that from the integrated product ( 15 particulate ϭ 5.8 Ϯ 1.0‰) differ significantly (Table 1) , although this conclusion is cautionary since it is based on a relatively small sample size for the particulate measurements (i.e., n ϭ 4; Table 1 ).
The kinetic isotope effects computed for all experiments are reported in Table 1 . Unless flagged ( ‡), the isotope effects reported in Table 1 are the coefficients of statistically significant regression analyses (p Յ 0.05). Strikingly apparent from the data in Table 1 15 , such that the impact of low-iron conditions on the isotope effect (if any) remains unclear. The highest 15 measured for T. weissflogii (ca. 17‰) correspond to short-term nitrate uptake experiments at pFe20. T. weissflogii in stirred cultures showed no apparent differences in 15 across iron treatments compared to unstirred cultures, in spite of markedly higher growth rates in the stirred cultures at respective iron concentrations (Table 1) .
The kinetic isotope effects derived from measurements of particulate N ␦ 15 N corresponded only modestly well to those derived from the ␦ 15 N of nitrate (Table 1 ). Significant differences were observed for the two experiments conducted with T. pseudonana (e.g., as in Fig. 1 ), but the sense of the differences was not internally consistent, since the nitratederived 15 was slightly higher than 15 particulate in one case but lower in the other. A large difference between nitrate-derived 15 and 15 particulate was observed in one experiment with T. found that nitrate reductase activity of light-limited phytoplankton is highly correlated to net nitrate assimilation among different algal groups, which suggests that nitrate reduction is the rate-limiting step in nitrate assimilation, as seen in higher plants (Tischner 2000 and references therein).
Nitrite, the product of nitrate reduction, generally does not accumulate within cells (Dortch et al. 1984) , which indicates that the subsequent step of nitrite reduction is unlikely to limit assimilation. Thus, we expect that nitrate reduction represents the last possible step for the origin of isotope fractionation during nitrate assimilation.
The focus of Wada and Hattori (1978) on nitrate reduction as the driver of fractionation during assimilation was motivated in part by the expectation that transport cannot impart a significant isotope effect because it does not involve bond breakage. While chemical interactions must occur in the transporter, simple theory would suggest that this type of interaction is generally too weak to be important in stable isotope fractionation (Melander and Saunders 1980) . Similarly, the slower diffusion of 15 N-or 18 O-bearing nitrate is also expected to be trivial (Ͻ1‰) because of solvation and the molecular motion of water (O'Leary 1984; Hammond and Prokopenko in press). This view concurs qualitatively with work done on higher plants (Mariotti et al. 1982) , cyanobacteria (Shearer et al. 1991) , and diatoms (Wada and Hattori 1978) . The lack of isotope fractionation during assimilation of nitrite by marine phytoplankton (Wada and Hattori 1978; Waser et al. 1998a ) also supports the view that transport is a nonfractionating process. Since nitrite does not accumulate intracellularly, only uptake of nitrite at the cell surface has the potential to fractionate; yet no isotope effect is observed.
The enzyme nitrate reductase appears to impart a sizable N isotope fractionation, with several studies suggesting an isotope effect of 15-30‰ (Ledgard et al. 1985; Schmidt and Medina 1991) , making nitrate reductase a reasonable candidate for driving the isotope effect associated with nitrate assimilation. However, this mechanism for fractionation requires a significant nitrate efflux from the cells in order to propagate the isotope effect extracellularly (Fig. 4) . Given that energy must be spent to transport nitrate into the cell and that nitrate limits phytoplankton growth in large regions of the ocean, some investigators have doubted that the cell could be so open as to allow much expression of the nitrate reduction isotope effect. This has provided motivation for continued attention to transport as a possible source of nitrate isotope fractionation (Montoya and McCarthy 1995) . However, nitrate efflux is routinely observed in higher Brown and Drury 1967) . † By Begun and Fletcher (1960) . ‡ Computed as in Brown and Drury (1967) with temperature ϭ 298.15K. § Brown and Drury (1967) . Ledgard et al. (1985) , Schmidt and Medina (1991). plants, where it is believed to be dependent on internal nitrate concentrations (e.g., Ter Steege et al. 1999) .
The isotopic fractionation mechanism for nitrate assimilation has remained equivocal in part because of the difficulty inherent in quantifying the isotopic composition of internal pools. Recently, Needoba et al. (in press ) measured the concentration and ␦ 15 N of intracellular nitrate of T. weissflogii grown under various environmental conditions. As reported in previous studies, the authors found intracellular nitrate pools to be highly concentrated relative to the external media. More importantly, the intracellular nitrate was highly enriched in 15 N relative to extracellular (medium) nitrate. As discussed by the authors, these results indicate that the isotope fractionation of nitrate reduction inside the cell is greater than that of nitrate uptake into the cell; if the rates of net uptake and reduction are equal (i.e., the internal nitrate pool is at steady state), then this implies that the isotope effect of reduction is greater than that of uptake. The authors then argued that observed N isotope effects were due in large part to N isotope fractionation imparted by nitrate reductase and were manifested extracellularly via nitrate efflux. Interestingly, intraspecies isotope effects were seemingly related to intracellular nitrate concentrations (Needoba et al. in press) , suggesting that, as in higher plants, putative nitrate efflux may be dependent on intracellular nitrate concentrations. Moreover, the N isotope effects measured by Needoba et al. (in press) were also directly proportional to the difference in nitrate ␦ 15 N between internal and external pools, strongly incriminating nitrate efflux as the cause of variation in the isotope effect of nitrate uptake by T. weissflogii. In this conceptual model, the degree to which the isotope effect of nitrate reductase is expressed varies with the rate at which the 15 N-enriched internal nitrate is effluxed from the cell relative to the rate at which it is reduced within the cell.
However, it has not yet been explicitly addressed whether the nitrate efflux from the cell is sufficiently high to explain the assimilation isotope effect as a result of nitrate reductase. Hypothetically, if nitrate efflux did not occur, the isotope effect imparted on nitrate by the reductase would not propagate out of the cell, and all of the intracellular nitrate would eventually be consumed. The 15 N enrichment of external nitrate during nitrate assimilation would then be due solely to uptake at the cell surface. While the internal pool 15 N data of Needoba et al. (in press) clearly show that the nitrate reductase isotope effect is greater than that of nitrate uptake into the cell, they do not rule out the possibility of a significant isotope effect for nitrate uptake.
The coupled N and O isotope data presented here suggest an isotope effect driven solely by the reductase, and not by uptake at the cell surface. The 15 N and 18 O enrichment of external (medium) nitrate conform to a ϳ1 : 1 trend for a broad range of N isotope effect (Fig. 2b ). To the degree that different processes might impart different N : O ratios of isotopic fractionation, this suggests that a single mechanism is driving the 15 N and 18 O enrichment of external nitrate under all conditions and in all phytoplankton strains. Moreover, the N : O ratio of the heavy isotope enrichment in the intracellular nitrate relative to the medium is very close to 1 : 1 (Fig.  3) , the same as observed in the temporal variations of the external nitrate. One could posit that fractionation is occurring at both the uptake and reduction steps, only that the isotope effect of nitrate reduction is greater (Needoba et al. in press) (Table 2 ). In contrast, and quite remarkably, ab initio calculations using the NAP dissimilatory nitrate reductase from Desulfovibrio desulfuricans (Dias et al. 1999) as a model of the reaction center indicate a 15 : 18 of ϳ1 (Zaharahiev pers. comm.). In any case, there is no reason to expect that several components of nitrate assimilation will all have a 15 : 18 of ϳ1. We do not know of measurements that provide insight on the expected 15 : 18 for binding and release of nitrate in a transporter, but our prediction is that the 15 : 18 will be low for this process because a modest intermolecular interaction such as this is more likely to depend on the isotope of the O atoms, which are more readily available to interact with the transporter. In general, the observation of 15 : 18 ϳ1 for a wide range in 15 suggests that only one process drives the fractionation for this entire range. This fits well with the model posed above, where the fractionation of nitrate N and O isotopes is driven entirely by nitrate reduction and the amplitude of the assimilation isotope effect is modulated by the degree to which intracellular nitrate is able to efflux from the cell before being reduced. The 15 : 18 of ϳ1 that applies at 15 of 20‰ also applies at 15 of 10‰ and apparently even lower, arguing for the same fractionation mechanism across this range, such that transport is not a major contributor to fractionation even when the latter is slight.
It is worth noting that nitrate reductase is also found embedded in the plasma membrane of plant and algal cells (Tischner 2000 and references therein). Plasmalemma nitrate reductase has been hypothesized to participate in nitrate uptake, coupling transport across the membrane with nitrate reduction. In such a case, reduction could drive the isotope fractionation without requiring the efflux of nitrate from the cell. However, the large accumulations of nitrate in the intracellular pool and the isotopic enrichment of nitrate suggest that a sizable amount of the nitrate reduction is occurring within the cytoplasm, arguing against a dominant role for this external nitrate reductase in the isotope effect of nitrate assimilation. Moreover, the putative role of plasmalemmabound nitrate reductase in nitrate transport has been challenged (e.g., Mora et al. 2002) and remains ambiguous.
The magnitude of the N isotope effect during nitrate assimilation-We have argued above that nitrate reductase comprises the chief fractionating step in nitrate assimilation, with its expression occurring by the efflux of intracellular nitrate back into the environment. This suggests that the amplitude and variability of the isotope effect will largely be determined by the rate of this efflux relative to the rate of nitrate reduction (the efflux/reduction ratio to which we refer below). One might infer from the low amplitude of 15 in the open ocean relative to cultures (and its apparently lower degree of variability) that nitrate efflux tends to be constant and minimal in the open ocean.
However, we do not understand the controls on the nitrate efflux/reduction ratio and, thus, cannot predict 15 , even in our controlled cultures. Apparent from our observations and those of other studies (Wada and Hattori 1978; Montoya and McCarthy 1995; Waser et al. 1998b; Needoba et al. 2003 ) is a seeming lack of species or algal group specificity relating to 15 . While some 15 values obtained in this study for T. pseudonana and T. weissflogii agree with some previous reports (Montoya and McCarthy 1995; Waser et al. 1998a) , the isotope effect of 20‰ observed here for E. huxleyi is excessively high compared to previous estimates of 4‰ (Waser et al. 1998a; Needoba et al. 2003) , although culture conditions were roughly similar. This study presents the first published values of for T. oceanica. These fell in the range observed here for T. weissflogii.
While large intraspecific variations in 15 point strongly to an effect of growth conditions, our study does not provide a clear picture of this effect. Our attempt to define a role for iron limitation in modulating 15 yielded no conclusive trend. Although iron limitation appeared to cause a decrease in 15 in some experiments with T. weissflogii, not all experiments concurred (with T. weissflogii or with T. oceanica). Similarly, Needoba et al. (in press) reported no significant changes in isotope effect of T. weissflogii grown in iron-deplete medium. The lower 15 observed in some of the low-iron experiments may be due to a decrease in nitrate uptake rates and lower intracellular nitrate concentrations due to iron stress, resulting in lower nitrate efflux.
Shaking of the cultures caused a marked increase in the growth rates of T. weissflogii compared to analogous treatments in unstirred cultures, but no concomitant changes in isotope effects were observed. Although net nitrate uptake was significantly higher in the stirred cultures, the lack of a clear difference in 15 implies that the efflux/reduction ratio was similar in shaken and unstirred cultures.
We observed a higher 15 for nitrate assimilation by T. weissflogii cells that were resuspended in fresh medium compared to cell cultures initiated from small inocula. We did not expect this result, reasoning that exponential phase cells would be at a physiological steady state with respect to nitrate assimilation, such that resuspension into fresh medium would cause no change in the isotope effect. It is possible that the cells were experiencing N limitation in late exponential growth prior to resuspension, or that filtration and resuspension affected the integrity or permeability of the cell membrane. Either of these factors might have increased the nitrate efflux/reduction ratio: previous N limitation could result in overexpression of nitrate uptake and high intracellular nitrate concentrations following resuspension in nitratebearing medium, and hence a higher efflux/reduction ratio, while filtration could also contribute to higher efflux if membrane permeability were affected. Popp et al. (1998) found that cell geometry, namely, cell surface area to volume ratio, is one of a few major controls on carbon isotopic fractionation during inorganic carbon assimilation. By analogy, a higher surface area to volume ratio could potentially lead to higher cellular efflux of nitrate for a given rate of nitrate reduction. No systematic relationship between surface area to volume ratio and N isotopic fractionation was apparent in our study, whether among the algal species in our experiments or for a set of experiments run with a single species (data not shown). Our cell surface area and volume estimates were inferred from Coulter counter measurements of cell diameter and with consideration of cell shape in only a rudimentary way, so we cannot rule out that future studies will reveal such a relationship. Generally, though, we expect that the isotope effect of nitrate assimilation is the result of multiple additional factors (e.g., vacuolar space, nitrate transporter density, and nitrate reductase concentration) that are regulated by the cells on the basis of resource availability and overall cellular energetics (Needoba and Harrison in press) . As with the isotope dynamics of carbon assimilation, much work is required to develop a fully mechanistic understanding.
The culture experiments described in this study indicate that phytoplankton fractionate the N and O isotopes of nitrate with a 15 : 18 ratio of ϳ1, regardless of the absolute isotope effect. A similar 1 : 1 increase in ␦ 15 N and ␦ 18 O has been observed in surface ocean nitrate that has undergone nitrate assimilation by resident plankton (Casciotti et al. 2002) (Table 2) . Together, these data strongly support the scenario that nitrate reductase is the dominant source of isotope fractionation in nitrate assimilation by phytoplankton, even at low 15 (ϳ6‰). If this is correct, then the range of isotope effects observed for nitrate assimilation by phytoplankton cultures is driven by variations in the degree to which nitrate efflux across the cell boundary enables full expression of the large isotope effect intrinsic to nitrate reductase (ϳ15-30‰; Ledgard et al. 1985; Schmidt and Medina 1991) . It is noteworthy that this model is analogous to that of isotope fractionation for photosynthetic carbon dioxide fixation by C 3 plants (O'Leary 1981) .
Another process likely to affect the N and O isotopic signatures of nitrate in the ocean is denitrification. Although N and O isotopic coupling has not been investigated for laboratory cultures of denitrifying bacteria, nitrate N and O isotopic measurements in denitrifying zones suggest that the 15 :
18 of denitrification is also indistinguishable from 1 (Sigman et al. 2003) . One might infer that, as with nitrate assimilation, the isotope effect observed in external nitrate is due to the isotope effect intrinsic to nitrate reduction, with transport of the 15 N-and 18 O-enriched intracellular nitrate back into the environment. Water column data from various regions yield a remarkably consistent estimate of 25-30‰ for the isotope effect for denitrification (e.g., Cline and Kaplan 1975; Liu and Kaplan 1989; Brandes et al. 1998; Sigman et al. 2003 ). This value is close to the maximum value from denitrifier cultures, 25-30‰ (e.g., Mariotti et al. 1981) . One possible explanation for this similarity is that denitrifiers universally allow rapid efflux of nitrate into the environment, so that the isotope effect intrinsic to nitrate reductase is always fully expressed. Such ''open system'' behavior for intracellular nitrate is sensible for marine denitrifiers (as opposed to phytoplankton) in that ambient [NO ] is typically Ϫ 3 quite high in zones of water column denitrification, weakening the competitive advantage associated with nitrate storage.
Although multiple forms of nitrate reductase catalyze the reduction of nitrate to nitrite, and assimilatory and dissimilatory forms differ, all share a molybdenum reaction center and likely yield similar transition-state structures of Mobound nitrate at the active site. It follows that the N and O isotope effects of all nitrate reductases, whether assimilatory or dissimilatory, seem likely to show similar fractionation characteristics (see Melander and Saunders 1980) . In this sense, the concordance of the available data with a 15 : 18 of ϳ1 for both nitrate assimilation and denitrification is consistent with the view that nitrate reductase is the driver of fractionation in both processes.
However, in contrast with oceanic results, measurements of N and O isotopes of nitrate in freshwater systems suggest a 15 : 18 of 1.4 to 2 for denitrification (Lehmann et al. 2003 ). This discrepancy is remarkable and difficult to explain, given the data in hand. We are presently working to characterize the 15 : 18 of denitrification in bacteria isolated from marine and terrestrial environments.
The use of coupled N and O isotopic measurements of nitrate represents a potentially powerful tool for studying the oceanic N cycle. Nitrate 15 N/ 14 N shares a limitation with other geochemical tools used to the study N cycle (e.g., nitrate concentration and nitrate-to-phosphate ratio) that it records regional imbalances in the counteracting fluxes of the N cycle but does not illuminate the gross rates of these fluxes. Notably, in the case of nitrate assimilation, neither the N isotopes nor the other available tracers are able to separate nitrate assimilation from the organic matter remineralization and nitrification that recycles the assimilated N back into nitrate. Similarly, the N isotope signals of nitrogen fixation and denitrification interfere destructively, removing both signals. Separating the impacts of these processes on the nitrate concentration of seawater, both at the surface and in the ocean interior, would greatly advance our understanding of ocean biogeochemistry. The use of the coupled N and O isotopes of nitrate allows distinction between the processes that otherwise overprint one another (Sigman et al. 2003; Lehmann et al. in press) , thereby providing a new and important tool in study of the N cycle. Toward this end, the data reported here provide a fundamental constraint on the behavior of N and O isotopes of nitrate.
